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ARTICLE INFO ABSTRACT 


Article history: 


Calcium (Ca?*) oscillations play a central role in varieties of cellular processes including fertilization and 
immune response, but controversy over the regulation mechanisms still exists. It has been known that 
nitric oxide (NO) dependently regulates Ca** signaling in most physiopathological processes. Previous 
study indicated that eNOS translocation during some pathological process influences intracellular Ca?* 
homeostasis. In this study, we investigated the role and mechanism of NO on Ca?" release by overexpress- 
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ied ing eNOS in cytoplasm (Cyto-eNOS) and endoplasmic reticulum (ER-eNOS) of HeLa cells. We found that 
ae the properties of Ca?* release were altered by the overexpression of eNOS. The amplitude and frequency 
eNOS of extracellular ATP (eATP)-induced Ca?* oscillation were enhanced in both Cyto-eNOS and ER-eNOS cells, 


respectively. Especially, the enhancement of the amplitude and frequency of the Ca?* oscillation was 
much more significant in the ER-eNOS cells than that of Cyto-eNOS cells. Further study indicated that this 
effect was abrogated by NO inhibitor, L-NAME, suggesting it was not an artificial result induced by ER 
stress. Furthermore, an up-regulated phosphorylation of phospholamban (PLB) was observed and the 
sarco-endoplasmic reticulum Ca?*-ATPase (SERCA) function was activated followed by the significant 
increase in the ER Ca** load. Taken together, we revealed a novel regulatory mechanism of Ca?* 


Phospholamban 


oscillation. 


© 2014 Elsevier Inc. All rights reserved. 


Introduction 


Calcium (Ca?*)’ signaling mediates numerous cellular responses, 
including neurotransmitter release, muscle contraction, mitochon- 
drial metabolism, gene expression and cell death and proliferation 
in nearly all eukaryotic cells. Among the different types of Ca?" sig- 
nals such as Ca”* spark, Ca” transient and Ca?* wave, Ca?* oscillation 
is a special modulator with signaling information encoded in both 
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amplitude and frequency [1,2]. Intracellular Ca?* oscillations repre- 
sent a universal signaling mode since they are observed in different 
types of cells [3]. Many events such as fertilization and immune 
response are activated by Ca? oscillations [4,5]. Researchers have 
observed a kaleidoscope of Ca?* oscillations but perhaps most inter- 
est has been kindled by the finding that cytosolic Ca?” ({Ca?*]c) oscil- 
lates repetitively in response to low doses of agonist [1]. ATP, an 
extracellular physiological signal molecule which regulates many 
cellular processes including secretion and transcription [6,7], 
induces Ca? oscillations by activating phospholipase C (PLC)- 
associated P2Y purinergic receptors, leading to production of inositol 
1,4,5-trisphosphate (IP3) and subsequent Ca* release (IICR) from 
intracellular stores in HeLa cells [8]. The regulation of eATP induced 
Ca?” oscillation and the relationship to cell function is poorly 
understood. 

Nitric oxide (NO), synthesized by the enzyme NO synthase 
(NOS), is a major factor in cardiovascular system by manipulating 
Ca? mobilization [9]. There are three main isoforms of the 
enzymes, named neuronal NOS (nNOS), inducible NOS (iNOS) and 
endothelial NOS (eNOS), of which eNOS can be activated by 
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receptor-dependent and -independent agonists as a consequence 
of an increase in the intracellular free Ca** concentration and the 
association of Ca/calmodulin complex with eNOS [10]. Besides acti- 
vating by Akt-dependent phosphorylation at Ser1177 [11], it has 
been reported that eNOS can also be activated by translocation 
[12]. In some pathological process, like heart failure, eNOS disasso- 
ciated with caveolin-3 in the sarcolemma, which suggests there is 
an increase of eNOS in the cytosol [13]. However, how this spatial 
change of eNOS influences Ca?* homeostasis is still unknown. 

In the present study, by overexpressing two differentially- 
located eNOS in HeLa cells, we have investigated the role and 
mechanism of eNOS in regulating eATP induced Ca?* oscillation. 
We demonstrated that eNOS enhanced the oscillatory Ca?* signals 
both in frequency and amplitude through phosphorylation of PLB. 
With the activation of SERCA by phosphorylated PLB, Ca?* re- 
uptake efficiency and ER Ca?” load were increased followed by 
the enhancement of the oscillation. Thus, we proposed a novel reg- 
ulation mechanism to explain eATP induced Ca?* oscillation in 
HeLa cells. 


Materials and methods 
Gene construction 


eNOS gene fragments were amplified with the Hind III and EcoR 
I sites containing primers by using plasmid PM831221 containing 
the eNOS cDNA (provided by Marsden lab, GENE BANK NO. 
M95296) as the template. The restricted PCR fragments were 
ligated to the 5’ end of DsRed2 in pCMV (pEGFP-C2 without EGFP 
gene) to yield the plasmid for expressing eNOS and DsRed fusion 
proteins in mammalian cells. 

ER-eNOS and ER-Red gene fragments were obtained by extend- 
ing the eNOS cDNA at 5’ end with the endoplasmic reticulum (ER) 
targeting sequence of calreticulin and DsRed cDNA at 3’ end with 
the ER retention sequence (KDEL), respectively. ER-eNOS and ER- 
Red fusion gene fragments were cloned into pCMV to yield the 
eNOS and DsRed fusion proteins targeted to the mammalian cell's 
ER. 


Cell culture and cell transfection 


HeLa cell lines were cultured in H-DMEM medium supple- 
mented with 10% fetal bovine serum, 100 ug/ml penicillin, and 
100 ug/ml streptomycin. Cell transfection was executed following 
Lipofectamine 2000 protocols (Invitrogen, USA). Forty-eight hours 
after transfection, cells were collected for the maximum expres- 
sion of target protein. 


Western blot analysis 


Western blotting was performed as previously described 
[14,15]. Briefly, to determine the expression level of the associated 
proteins in the transfected cells, cell lysate was collected 48 h after 
the transfection by using the RIPA lysis buffer containing 50 mM 
Tris (pH 7.4), 150 mM sodium chloride, 1% Triton X-100, 1% sodium 
deoxycholate, 0.1% SDS. The homogenates were centrifuged in a 
microcentrifuge at top speed for 5 min to remove insoluble mate- 
rials, and protein concentration of the lysates were determined by 
BCA Protein Assay Kit (Beyotime), and then prepared using loading 
buffer containing 2% SDS and 1% B-mercaptoethanol, pH 8.8. The 
tissue homogenates were heated at 85°C for 3 min, centrifuged 
in a microcentrifuge at top speed for 1 min every time before using. 
Immediately after heating about 30 ug of protein extracts were 
loaded onto a 12% acrylamide SDS-PAGE gel. The resolved proteins 
were transferred to PVDF membranes (Millipore) at 300 mA for 


60 min (for the detection of phosphorylated proteins, NaF, Na2VO4 
was added in the following buffers to inhibit the phosphatases). 
The membranes were blocked for 1h with Tris-buffered saline- 
Tween 20 (TBST) containing 1% BSA at room temperature. The 
blocked membranes were immunoblotted with specific antibodies. 
After washing 5 times in TBST, the membranes were incubated in 
TBST containing 1% BSA and the secondary antibody conjugated 
to horseradish peroxidase. Final detection was performed using 
enhanced chemiluminescence detection solution 1 and 2 (1:1) 
(ECL; Millipore). GAPDH (Sigma) protein was detected as a control 
housekeeping protein to ensure equal protein loading in all 
experiments. 


Confocal microscopy and calcium measurement 


Transfected HeLa cells were cultured on coverslips for 2 days 
and then loaded with Ca?*-sensitive dye fluo-4 AM (2 uM) (Molec- 
ular Probes, Eugene, OR, USA) in a standard solution containing (in 
mM) 140 NaCl, 5.5 KCl, 2 CaClo, 1 MgClo, 10 HEPES, 3 glucose, pH 
7.4 at room temperature for 5-10 min. The cells were firstly 
excited at 543 nm to detect the DsRed expression. Then the excita- 
tion wavelength was changed to 488 nm to detect Ca? activity of 
the DsRed positive cells. To inhibit eNOS and IP3R, cells were pre- 
treated with 100 uM L-NAME and 10 uM 2-APB in the standard 
solution at room temperature before each experiment. To inhibit 
NCX, Nat was substituted with 140 mM N-methyl-glucosamine 
in the solution. To evaluate the effect of isoproterenol (ISO), HeLa 
cells were pretreated with 10 and 50 nM isoproterenol and then 
followed by a stimulation of 10 uM ATP in standard solution. For 
calcium store measurement, HeLa cells were perfused with 
100 uM ATP plus 2 uM TG in 0-Ca?* solution containing 5 mM 
EGTA. Ca?* was measured by using a laser scanning confocal micro- 
scope (SP5, Leica), which was connected to Leica DMI6000 inverted 
microscope, using a Plan Apo x40 oil objective (1.25 numerical 
aperture). A sequential scanning acquisition technique was used 
in order to avoid crosstalk. Images were collected every 573 ms 
for 2 min in a format of 512 x 512, 400 Hz scanning and the serial 
images were analyzed with Image J. Under our experimental con- 
ditions, fluorescent bleaching was not significant and. The Ca?*- 
dependent fluorescence intensity ratio (AF/FO) was plotted as a 
function of time. The mean baseline fluorescence intensity (FO) 
was obtained by averaging fluorescence value of the continuous 
20 images without Ca?* transient activity before application of 
ATP and the frequency of Ca? oscillation was calculated as total 
peak numbers during the stimulation. 


NO measurement 


Intracellular NO was measured with 3-amino,4-aminomethyl- 
2',7'-difluorescein, diacetate (DAF-FM DA), as previously described 
[16]. Briefly, after HeLa cells were transfected with eNOS plasmids 
for 48 h, the cells were washed three times with PBS and then incu- 
bated in 5 uM DAF-FM DA at 37 °C for 20 min. After a further three 
PBS washes, the fluorescence was analyzed by Leica SP5 confocal 
microscope with excitation at 495 nm and emission at 515 nm 
within 15 min. 


Chemicals and reagents 


N°-nitro-.-arginine methyl ester, hydrochloride (L-NAME) and 
DAF-FM DA was from Beyotime, Fluo-4 was from Molecular Probe, 
and 2-aminoethoxydiphenyl borate (2-APB) was from Calbiochem. 
IP3R1 antibody (sc-28614) was from Santa Cruz Biotechnology, 
SERCA2 antibody (MA3-919) was from Thermo Scientific, eNOS 
antibody (Cat: 610296) was from BD Biosciences; IP3R3 
(ab78556), PLB (ab2865) and p-PLB (Ser16) (ab15000) antibodies 
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were from Abcam. N-methyl-p-glucamine, thapsigargin (TG) and 
other chemicals were from Sigma. 


Statistical analysis 


Statistical analysis was performed by using Origin 8. Values 
given are means + SEM. Data were tested for significance using 
the Student’s t-test. Only results with P values <0.05 were consid- 
ered statistically significant. 


Results 
eNOS overexpression enhances eATP induced calcium oscillation 


eNOS translocation during some pathological processes has 
been observed [17,18]. However, the influence of this process on 
Ca?* signaling is not clear. In the present study, we have con- 
structed two eNOS overexpression plasmids with DsRed tag in 
cytoplasm (Cyto-eNOS) and endoplasmic reticulum (ER-eNOS) 
(Fig. 1A), respectively. 48 h after transfecting these plasmids into 
HeLa cell lines, we could easily distinguish the eNOS overexpress- 
ing cells from the others by confocal imaging (Fig. 1B). We 
observed that eNOS was expressed as a network level similar to 
the ER morphology (shown in the ER-eGFP) in the ER-eNOS cells 
(Fig. 1C). Comparably, eNOS was distributed evenly in the Cyto- 
eNOS cells. The formation of nitric oxide was observed by NO sen- 
sitive indicator 3-amino, 4-aminomethyl-2’,7’-difluorescein, diace- 
tate (DAF-FM DA) in eNOS overexpressed cells (Fig. 1B). Moreover, 
Western blot analysis also confirmed that eNOS was overexpressed 
in the transfection cells and the expression levels of eNOS were not 
different between Cyto-eNOS and ER-eNOS cells. However, the 
control HeLa cells showed no eNOS expression, thus the endoge- 
nous interference could be excluded (Fig. 1D and E). 

Confocal microscopy imaging study indicated that there was no 
spontaneous change of cytosolic Ca?* levels in eNOS overexpress- 
ing cells or control cells. However, when the cells were exposed 
to 10 uM ATP, striking Ca? oscillations were observed both in 
Cyto-eNOS and ER-eNOS overexpressing cells (Fig. 2A); although 
only a small percentage of the control cells exhibited Ca?* oscilla- 
tion (Fig. 2B). As shown in Fig. 2C, the peak amplitude of Ca?* oscil- 
lation (AF/FO) in DsRed, Cyto-eNOS, ER-Red and ER-eNOS 
transfected cells was 1.22+0.06, 4.41+40.23, 1.28 +0.14, 
5.01 + 0.17, respectively. Compared to the controls, the peak ampli- 
tude of Ca? oscillation was increased by 2.61 and 2.91-fold in the 
Cyto-eNOS and ER-eNOS cells, respectively. Furthermore, we also 
found that the peak amplitude of Ca” oscillation of ER-eNOS cells 
was significantly higher than that of the Cyto-eNOS cells. Next, we 
explored the role of eNOS in the frequency modulation of Ca? 
oscillation. The duration of Ca* oscillation was about 90 s among 
all the cells detected, the numbers of spikes were used to indicate 
the frequency. As shown in Fig. 2E, the frequency of Ca?* oscillation 
was also increased in the two types of eNOS transfected cells com- 
pared to the controls, and it was significant higher in ER-eNOS cells 
than that of Cyto-eNOS cells. We also used another IP3 agonist, his- 
tamine, to determine the effect of NO on calcium oscillation, and 
subsequently strong enhancements of amplitude and frequency 
were observed (Fig. S1). To ensure that this phenomenon was not 
the effect of ER stress caused by overexpressing eNOS, L-NAME, 
an inhibitor of eNOS, was used to inhibit the production of NO. 
As shown in Fig. 2D and F, in the presence of L-NAME both the eATP 
induced peak amplitude and frequency of Ca” oscillation were sig- 
nificantly reduced in the Cyto- and ER-eNOS cells. 


Taken together, these results suggest that NO enhances the 
eATP induced Ca?* oscillation both in the frequency and the ampli- 
tude, and the enhancement effect is more significant in ER-eNOS 
overexpressing cells. 


eNOS regulates Ca?* oscillation via phosphorylation of phospholamban 


The finding that eNOS overexpression leading to the enhance- 
ment of Ca?” oscillation encouraged us to investigate the mecha- 
nism further. As described above, ER-eNOS cells exhibited more 
significant Ca? oscillation than that of Cyto-eNOS, which sug- 
gested that NO influence the function of the ER Ca” pump. Indeed, 
as shown in Fig. 3A, PLB, a regulator of SERCA2, was highly phos- 
phorylated by the overexpression of eNOS (Fig. 3A). Furthermore, 
the phosphorylation of PLB on serine 16 was much higher in the 
ER-eNOS overexpressing cells than that in the Cyto-eNOS cells 
(Fig. 3A), suggesting that disassociation of PLB from SERCA acti- 
vated the Ca? recycling system during eATP stimulation process, 
resulting in high peak amplitude and frequency of Ca?* oscillation. 
It is thought that cyclic-AMP-dependent phosphorylation of PLB is 
also an important regulatory mechanism of SERCA [19,20]. There- 
fore, we tested the effects of isoproterenol on eATP induced Ca?* 
oscillation. As shown in the Fig. 3D and E, the amplitude (AF/FO) 
of calcium oscillation was dramatically increased from 
1.95 + 0.06 to 4.56 + 0.30-fold in DsRed overexpressed cells when 
incubated with 10 nM ISO, and the frequency was also increased 
from 1.90+0.06 to 2.59+0.20. Moreover, the effects of 50nM 
ISO on calcium oscillation was much more significant than 
10 nM. Similar results were also obtained in ER-Red overexpressed 
cells (Fig. 3D and E). Taken together, these results indicate that 
dose-dependent phosphorylation of PLB is associated with the 
enhanced calcium oscillation. It has been thought that NCX is also 
an important Ca?* extruder [21] and therefore we next explored 
the role of NCX in modulation of Ca?* oscillation. After inhibition 
of NCX by replacing Na% with 140 mM NMDG in extracellular 
solution [8], there was no significant alteration of Ca?* oscillation 
observed in the eNOS expressed cells (Fig. 3F), suggesting that 
NCX was not involved in the regulation of Ca” oscillation mediated 
by NO. 


Increased ER Ca?* load is responsible for the higher amplitude of Ca?* 
oscillation 


The alteration of Ca?" release properties induced by eNOS over- 
expression might also be due to either increase in IP3R activity or 
the content of Ca? store, or both. When incubating the cells with 
2-APB, 10 uM eATP induced-Ca** oscillation was entirely dimin- 
ished, suggesting that intracellular calcium release through IP3R 
was involved (Fig. 3C). Therefore, we next examined the expression 
levels of IPRs and SERCA2. As shown in Fig. 3B, the expression lev- 
els of all the proteins determined were not significantly changed in 
the eNOS overexpressed cells, which suggested that the alteration 
of Ca?” release properties induced by eNOS overexpression did not 
involve changes in the expression levels of either IP3Rs or SERCA2. 
Then, what leads to the alteration of Ca? release properties in 
eNOS overexpressing cells? Previous studies suggested that the 
regulation of SERCA alters ER Ca” load [22]. Thus, we wondered 
whether the over-activation of SERCA could also achieve this effect. 
In the presence of 2 uM thapsigargin (TG), an inhibitor of SERCA, 
the cells were stimulated by 100 uM ATP to make sure the com- 
plete depletion of Ca? store. ER Ca?* load was calculated as the 
integration of the normalized fluorescence value to time 
(Fig. 4A). As shown in Fig. 4B and C, compared to the control cells, 
the ER Ca** load was significantly increased in both Cyto-eNOS and 
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Fig. 1. Overexpression of eNOS in HeLa cells. (A) Plasmid construction of Cyto-eNOS and ER-eNOS for expression in HeLa cells. KOZAK: KOZAK consensus sequence, GCCACC; 
ER signal, ER targeting sequence of calreticulin; KD EL: ER retention sequence of KDEL. (B) Confocal images of HeLa cells expressed Cyto-eNOS and ER-eNOS (left panel) and 
the detection of NO by DAF-FM DA (middle panel) (scale bar = 15 um as shown in C). (C) Cells transfected with ER-eNOS and ER-eGFP (scale bar = 15 um). (D) Western blot 
analysis of eNOS expression in HeLa cells transfected with Cyto-eNOS and ER-eNOS plasmids. (E) Relative densitometric values of eNOS were analyzed by normalizing to 
GAPDH, no significant change was observed between Cyto and ER-eNOS overexpressing cells. 


ER-eNOS cells; further analysis indicated that the ER Ca?* load was 
much higher in the ER-eNOS cells than that in the Cyto-eNOS cells 
(Fig. 4D). 

Taken together, these results suggest that the alteration of Ca?* 
release properties induced by eNOS overexpression in HeLa cells is 
due to the increase in the ER Ca?* load. 


Discussion 


The expression and activity of eNOS are changed in many path- 
ological processes. It has been reported that educed eNOS activity 
and expression are involved in the onset of myocardial hypertro- 
phy and increased cytokine expression, which finally leads to heart 
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Fig. 2. eATP induced calcium oscillations in eNOS overexpressing cells. (A) Effects of extracellular ATP on [Ca?*]c in HeLa cells transfected with DsRed, Cyto-eNOS, ER-Red and 
ER-eNOS; traces in the column arise from individual cell recordings. (B) Statistical results of Ca? oscillation proportion during ATP stimuli in the eNOS overexpressing cells 
and the control cells. (C) Summary data of eATP induced peak amplitude of Ca? transients in HeLa cells transfected by eNOS plasmids (n = 50-90 from 5 independent 
experiments). (D) Effects of L-NAME on the amplitude of Ca?” transients in Cyto- and ER-eNOS expressed cells (n = 30 from 4 independent experiments). (E) Summary data of 
frequency of Ca? oscillation in the Cyto-eNOS and ER-eNOS overexpressing cells. (F) Effects of L-NAME on the frequency of Ca?* oscillations in the Cyto- and ER-eNOS 


overexpressing cells. *P < 0.05, **P < 0.01 and ***P < 0.0001 by two-tailed Student’s test. 


failure [23]. Yet in the inflammatory responses there is a great 
increase in the eNOS activity which is mediated by the dissociation 
of eNOS from caveolin-1 [24]. However, whether this change influ- 
ences Ca”* signaling is still confused. In the present study, we have 
overexpressed eNOS in ER and cytosol, respectively, to explore the 
crosstalk between Ca?* and NO. We did not find any Ca”* activity in 
the basal level. However, 10 uM ATP induced Ca” oscillation was 
dramatically augmented in the eNOS overexpressing cells (Fig. 2). 
Previous studies had shown that ER stress causes the disturbance 
of Ca” signaling [25]; whereas, we found that the alteration of 
Ca?* release properties induced by eNOS overexpression was sig- 


nificantly attenuated by L-NAME, suggesting that eNOS-derived 
NO contributed to the enhanced function of the extracellular phys- 
iological signal, like ATP. Through modulating Ca? signal the 
eNOS-derived NO may exert critical influences on the pathological 
process development. 

Like electrical signals, the conventional view about the informa- 
tion carried by Ca? oscillation is encrypted in either the amplitude 
or frequency. The amplitude modulation is conceptually straight- 
forward because it is governed by Ca? affinity of the sensor or 
decoder. However, in the frequency modulation, the downstream 
Ca?* sensor, like PKC and CaMKII, decode the kinetics or temporal 


Y. Tang et al./Archives of Biochemistry and Biophysics 565 (2015) 68-75 73 


S oS 
A ERM ERR oyo gR 


p-PLB 
(ser-16) 


—— 7] 
=== 


GAPDH 


wo 


kkk 


p-PLB level 
(Normalized to GAPDH) 
N 
© 
ý pi 


1 
0 O ò ò 
oO (2 (2 
O & o & 
eX e Oa K A 
x 
B ege" egre? ye ered 


R-actin 


C — DsRed 
~~ ER-Red 
— Cyto-eNOS 
— ER-eNOS 
2-APB 
ATP 
N 
S 
i 
o 
© 
[ra 
< 


D GS DsRed 
EE ER-Red 


AF/FO 
O- NW HK DD 


E Gl DsRed 
EE ER-Red 

> 

o 

c 

v 

s 

o 

v 

bæ 

(re 
F ns N.S. 

i$. a 

> 3 

Oo 

c 

© 2 

s 

o 

oq 

WL 

0 4) C & & 
“i Heey KA A 
Oş Mo Os Ss Og 


Fig. 3. eNOS overexpression up-regulates PLB (Ser-16) phosphorylation. (A) Western bolt analysis of phosphorylated PLB (Ser-16), total protein levels of PLB and 
housekeeping protein of GAPDH in the four types of cells (upper panel). Western blots quantified by densitometry show that PLB (Ser-16) phosphorylation (normalized to 
total PLB level) is significant higher in ER-eNOS than in Cyto-eNOS transfected HeLa cells (lower panel). (B) eNOS overexpression does not alter the expression of IP3R1, IP3R3, 
and SERCA2. (C) Representative profiles of Ca? fluorescence monitored by confocal imaging after 10 uM ATP application when cells were incubated with 2-APB. (D and E) In 
the presence of 10 nM ISO, eATP (10 uM) induced calcium signals were significantly enhanced. The amplitude (AF/FO) (D) and frequency (E) of Ca” oscillation was increased 
both in DsRed cells and ER-Red cells. When the concentration of ISO was increased to 50 nM, Ca” oscillation was enhanced further (n = 50 from 4 independent experiments). 
(F) The frequency of Ca” oscillations in the eNOS overexpressing cells is not altered when NCX is blocked by NMDG (n= 20-30 from 3 independent experiments). All 
experiments were repeated at least three times. *P < 0.05, **P < 0.01 and **"P < 0.0001 by two-tailed Student's test. 


properties of the Ca?* signal and translate them into distinct cellu- 
lar response [1]. The enhanced Ca? oscillation may be decoded by 
Ca?* sensors and drive the cells to make different choices [26]. 
Thus, we proposed a potential way of alteration in the eNOS activ- 
ity to influence the cell fate via Ca?* oscillation. However, some 
processes of cellular activities, like proliferation, migration and 
more specific downstream targets of Ca* oscillation need to be 
explored in further studies. 

Since there is no ryanodine receptors (RYRs) expression in HeLa 
cells [27,28], we believe that the enhanced Ca” oscillation induced 
by NO is mediated by IP3 receptors. There are three isoforms of 
IP3R, namely IP3R1, IP3R2, IP3R3, with different tissue distribution. 
Type 1 and type 3 IP3R have been thought to be important for the 
generation of Ca”* oscillations in HeLa cells [27], which was mainly 
attributed to the calcium release form intracellular stores but not 
extracellular matrix [29]. However, we found that IP3R1 and 


IP3R3 expression was not altered in the eNOS overexpressing cells 
(Fig. 3B). Enhanced Ca% re-uptake efficiency indicates that overac- 
tive SERCA is involved in the modulation of Ca? oscillation. 
Despite SERCA2 expression level was not changed, the phosphory- 
lation level of PLB (Ser-16) was greatly up-regulated in the eNOS 
overexpressing cells (Fig. 3A), which suggests that the inhibitory 
status of SERCA is partly removed and this is mediated by NO- 
cGMP-PKG pathway considering that the serine 16 site of PLB is 
phosphorylated by PKG or PKA [19,20]. Overactive SERCA facili- 
tates Ca? re-uptake during the IP3 induced Ca?* release followed 
by the increase in the frequency and amplitude of Ca?* oscillation. 
On the contrary, inhibition of SERCA totally diminished the eATP 
induced Ca?* oscillation (Fig. 4A). Previous study showed that 
increase in the SERCA activity by removing the influence of PLB 
leads to the increase of ER Ca” load in the diabetic heart [30]. Con- 
sistently, we found that ER Ca?* load was much higher in the eNOS 


74 Y. Tang et al./Archives of Biochemistry and Biophysics 565 (2015) 68-75 


TG+ATP 


50s 


kk 


= 
oa 


ER Ca” load 
(Fold change) 
oO 
-J 


ER-Red ER-eNOS 


B 
1.5 * 
oo 
(Ee 
2 510 
E- 
© o 
Os 
wo 0.5 
Wi 
0 
DsRed Cyto-eNOS 
D 150 kkk 
3 
= 100 
ao) 
© 
2 
6 50 
fed 
Ww 


Cyto-eNOS ER-eNOS 


Fig. 4. eNOS overexpression increases ER Ca” load. (A) Representative profiles of Ca?* transients induced by 100 uM ATP in the presence of TG in ER-eNOS and ER-Red 
transfected HeLa cells. The integration of the normalized fluorescence intensity to time was calculated as the ER calcium load (gray area) in ER-Red transfected cells. (B) & (C) 
Summary data of ER Ca? load in Cyto-eNOS (B) and ER-eNOS (C) overexpressing cells, respectively. The ER Ca?* load of ER-eNOS and Cyto-eNOS overexpressing cells was 
normalized to their controls, respectively. (D) Comparison of ER Ca?* load between the ER-eNOS and Cyto-eNOS overexpressing cells, the values of ER Ca?* load were 
calculated as the integration of fluorescence intensity to time in Origin 8 (n = 20-30 cells from 5 independent experiments). *P < 0.05, **P < 0.01 and ***P < 0.0001 by two- 


tailed Student's test. 


overexpressing cells, which further explains the enhancement of 
Ca** oscillation in those cells. Furthermore, we noted that the ER- 
eNOS cells displayed much higher amplitude of Ca?* oscillation 
and ER Ca?* load compared to the Cyto-eNOS cells. This could be 
partly interpreted by the different spatial distance between SERCA 
and eNOS in the two types of cells. Although NO is considered as a 
diffusible signal molecule [31,32], the extent of the influenced area 
can be greatly changed by NOS location [33-35]. 


Conclusion 


Our study reveals that overexpression of eNOS in Cytosol and 
ER of HeLa cells significantly alters the properties of Ca? oscilla- 
tion induced by eATP, and this change of Ca”* oscillation properties 
by eNOS overexpression is mediated by the increases in the ER Ca?* 
load due to hyper-phosphorylation of PLB and followed by the acti- 
vation of SERCA. 
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